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INTRODUCTION /3*

Analysis of electromagnetic fields in the polar ionosphere

is impossible without detailed information on its electrical

conductivity. Though enormous literature deals with this )prob-

lem /1-97, nonetheless data on the geographical distribution of

electrical conductivity are clearly inadequate. Electrical con-

ductivity of the polar ionosphere depends on two factors: photo-

ionization by solar radiation and ionization by fluxes of pre-

cipitating particles. As we know, three main zones can be

differentiated by the nature of the precipitating particles in

the polar ionosphere:

1. auroral zone,

2. region of daytime dip, and

3. polar cap.

The aim of this study is as follows: 1) analysis of elec-

trical conductivity induced by.precipitating particles in all

three zones, its interactions with electrical conductivity caused

by photoionization; 2) establishing integrated conductivity of

the E-layer and magnetic activity; and 3) constructing schemes

for the spatial distribution of electrical conductivity.

* Numbers in the margin indicate pagination in the foreign text.

iii



POLAR

ELECTRICAL CONDUCTIVITY OF THE IONOSPHERE

L. L. Van'yan and I. L. Osipova

1. Method of Calculation

The conductivity of the ionosphere for low frequencies was

calculated based on the generally accepted formulas (in the

International System of Units): specific Pedersen electrical

conductivity:

and specific Hall conductivity:

where ue is the cyclotron /Lor gyro/ frequency of electrons,

i is the cyclotron frequency of ions,

Ve is the total frequency of collisions of electrons with

neutral particles and ions,

V. is the frequency of collisions with neutral particles,in
e is the charge on an electron,

n and M are the masses of electron and ion, respectively, and

N is number density of electrons.

Since we are considering the high latitudes, we will assume

that the geomagnetic force lines are normal to the plane of the

ionosphere, so that 6 p_ _ -@

As we can see from the formulas, specific electrical con-

ductivity is the product of electron number density by electrical

conductivity corresponding to unit concentration. Therefore our

problem will be divided into two stages:

.i i



1. Analysis of unit electrical conductivity.

2. Analysis of spatial distribution of N.

The Jacchia 1970 neutral atmosphere model was used in the

calculation of unit electrical conductivity /T07 with exo-

spheric temperature T. = 11000 K. In order to find how strongly

the selection of model affects integrated conductivity, the

integrated conductivity was calculated for 30 different N(h)-

profiles obtained at the stations Thule and Narssarsuak,using

neutral models with T, - 8000 K and TT,= 15000, which corre-

sponds to a 530 K change in the temperature of neutral particles /5

at the elevation 120 km, and 920 K at the elevation 130 km. The

results of calculations are given in Table 1, from which it is

clear that Hall conductivity in this case varies by an average

of 7 percent, and Pedersen -- by 20 percent, which falls within

the limits of precision of the experimental data used.

Now let us examine methods of calculating the collision

frequencies ve and V. . The dependence of 6p on v is substan-

tial for all altitudes below 100 km where conductivity is low,

while above this altitude 6 and 6H depend weakly on ve" In

this study, Ve was calculated based on formulas given in /11/;

the electron temperature was taken as equal to the neutral

particle temperature. The frequency of ioi-neutral ,collisions

in the ionosphere Vin is the most important parameter, which

has been studied most poorly by the present time. Usually

collisions of ions with neutral particles are viewed as inter-

actions of elastic spheres without allowing for electrical

forces /11-137. We used the paper by Stubbe /147, who presents

expressions for the frequencies of collisions of ions with

neutral particles, taking into account electrical interactions

of the polarization and charge-exchange types. Based on the

neutral atmosphere /107 for TO = 11000 K and the ionic composition(

according to /15/ presented in Table 2, using Stubbe's formulas
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TABLE 1

Sta ocal H evia- ; Dev-
tion Dat time - j tion.0= 1  -iation

8000 K 1500-0 800 0K11506 1
: 2 3 4 5 6 7 8 9

Thule VII961 01 3,6 3,9 8,I 3*8 4,8 21,2

02 3.5 3,9 8,6 4.0 4,9 21,4

03 4,2 4,6 8,2 4.4 5,5 21,2

04 5,7 6,2 7,5 5,4 6,6 20,6

05 5,9 6,4 7.1 5,.5 6,7 20.2

06 6,7 7,2 7,3 6,1 7,5 19,I

07 6,I 6,6 8.5 6,5 8,0 20,0

08 8.1 8.8 7.5 . 7.5 9,2 19,7

09 9,4 10.0 6,8 8,0 9,7 19,2

10 10,1 10.6 .406 8,2 10,0 19,3

II 9.6 10,3 7,I 8,7 10,5 19,0

12 10,? 11,4 6,2 8.3 10.0 19,0

13 8,5 9,I 7,4 9.C 9,8 7,8

14 7,7 8,3 8,2 7,4 9,0 19,8

15 7,7 8,3 7,6 7,3 8,9 19,6

16 8,3 8,8 6,6 7.0 8,5 19,3

17 7,0 975 7.3 6,5 80 19,8

IS 6,6 7.1 7,2 5.9 7,2 20,0

19 5.4 5,8 7,3 5.0 6.2 20,6

20 4,8 5.2 7.5 4,6 5,7 21,2

21 3,I 3.4 9,8 3,8 4.,7 21,4

22 3,5 3,8 8,6 3,8 4,7 21,1

23 3,2 3,5 8,3 35 4,.3 20,?

I2 > 3 4 5 7 8 -- 9
arssar- VI.1966 12 II,? 12,5 7,1 10,4 12.5 18,8
suak 14 7,I 7,C 10,5 ),2 1I,2 19,8

15 9,2 OJ 7,9 9,2 II11,2 19,3

16 8.4 9,. 7,8 8,2 10.0 IF,5

17 7,2 ?,9 7,9 7,4 9,0 19.8

18 6.3 6,8 7,6 6,I 7,5 20,4

20 3,7 4,I1 9.9 4,6 5,7 20,0

Mean 7,0 Mean '19,6



TABLE 2

Altonic comp.- - Neutral composit~t o

trle j02 f O io H9 02 O . 0 He+_ i2 - -

I92 0 5 8 8 8 9 IO

100 R) 90 7 - - 17 18 5

120 .10 90 - - 71 12 17 -

150 .30 60 10 - - 6 8 31

170 22 58 20 - 55 6 39 -

200 13 37 50 - - 45 4 51 -

250 7 .4 89 - . 40 4 56 -

300 -- - 100- - 20 - 80 -

350 95,5 0,7 38 14 - 84 2

425 941 5' 7,5- 8e5 4

the following expression was derived:

where Nn is number-density of neutral particles.

The coefficient K is virtually equal to 0.9 up to the

altitude 170 km, and then increases, reaching 1.7 at the altitude

300 km and remains constant up to 400 km (Fig. 1). Changes in

the ionic model do not appreciably affect its magnitude.

In calculating the cyclotron frequencies, the magnitude of

the magnetic field was based on the data in /T67 for each coor- /6

dinate point.

The results of calculating the unit specific electrical

conductivity and also v. are gien in Table 3.In

As already indicated, the distribution of electron number

dens-ity with altitude (N(h)-profiles) is of decisive significance

for the calculation of conductivity.
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Skm
In determining the inte-

j grated iconductivity of the sun-

"ie lit polar ionosphere, use was

made of N(h)-profiles obtained

from the data of ionic sounding

at the stations Thule, Narssarsuak

and Godhavn. The following initial

letters were used in calculating

the nighttimb integrated conduc-

tivity:
Fig. 1. Coefficient K

i. N(h)-profiles obtainedas a function of altitude,

from rocket measurements publishedH, km
in /G, 17-227. Most of these

characterize the nighttime auroral ionosphere for different

geomagnetic conditions (Fig. 2 and Table 4).

2. The results of ground-based ionospheric soundings for

moderate magnetic activity. In constructing the schemes of

integrated conductivity of the ionosphere, use was made of the

hourly values of f E. In those cases when f E was not determined,
o o

the value of f BEs of the sporadic layer with grouped delay can be

used in calculating N. From Table 5 /21/ it fPllows that the

electronic number density calculated by fBEs agrees well with

the results of rocket measurements at the E-layer maximum.

3. A comparison was made with ionization caused by fluxes

measured on the Kosmos-261 satellite /237 and the integrated

conductivity calculated on the basis of these data.

II. Regularities of Electrical Conductivity of Polar Ionosphere /7

1. Dark Polar Ionosphere /

As already noted, at least three regions can be differentiated

in the polar ionosphere: the auroral zone, the pblar cap, and the

5



TABLE 3

rpJe H -e 6 ,l
kin m d2dm

I 2 3 4 5
I 90 6.48x10 2.96xI10 I.I8xI'

2 92 4.50 2.96 8.88x0"

3 94 3.14 2.96 7.10

4 962.17 2.96 6.24

5 98 I.5I 2.96 6.23

6 100 1.05 2:96 7.08

7 102 7.25x0 3  2.96 8.90

8 104 5.15 2.96 I.17xIOI6

9 106 3.67 2.95 1. 58
10 108 2.63 2.94 2.17

II IIO 1.91 2.93 2.95

12 115 9.23XI02  2.83 5.96

13 120 4.90 2.55 I.02xIOl1 5

14 125 2.85 1.99 1.39
15 130 1.80 1.31 I.47

16 135 1.22 7.79xI0-I6 1.30
17 140 7.56xl01 3.49 9,59xI0"

6

18 145 6.41 2.54 8.29
19 150 4.92 1.51 6.52
20 155 3.87 9.3-)x\OI7 5.I3
21 160 3.II 5.99 4.16
22 170 2.33 3.27 3.10

23 180 1.81 1.90 2.37

24 190 1.32. 9.75xl0'1 8 1.70
25 200 !.08xO 6.21 1.35

26 210 8.2Ixi0 c  3.45 1.01

27 220 6.87 2.33 8.3xl0 "I7

28 230 5.79 1.59 6.a5
29 240 4.S ,.COC.I-C 5.33
30 250 3.93 ... 4.48

31 260 3.37 4.84 3.79

32 270 3.21 4.22 3.53
33 200 2.37 .24 2.50

S34 290 1.95 I.46 2.00

35 300 1.61 - 1.69

S36 310 1.33 - 1.39

37 320 I.2I - 1.24

38 330 0.93 - 9.43xIO-

39 340 0.78 - 7.81

40 350 0.66 - 6.50

41 360 0.54 - 5.27

42 370 0.47 - 4.55

43 380 0.23 - 2.19

44 %0 0.34 3.22
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Auroral zone. The N(h--profiles 9, 8, and 12 shown in Fig.

zone in magnetically-quiet condit ions. These profiles have the11

1. Ionization at the level of the E-layer reaches a value

of approximately 310 cm, which exceeds the number detity in

Fig. . Athe middle-latitude ditrnal night E-layectron er by approximately one order

Pederseof magnitude. Theivit precipitating of charged particlesy in quiet andhe

uroral zone sustaining the N(hintensirofiles 9, 8, and 12 shown in Fig.sts even

zone in magnetically-quiet perditions. These profiles have the7.

. Ionization at the N(h)-profilevels inof the nighttime auroraches al zone

there is no "valley" between the E-'and F-layers usually

4 -3

the middle-latitudinal night E-layer by approximately one order

of magnitude. The precipitating of charged particles in the

in a magnetically-quiet period /717.

2. In the N(h)-profiles in the nighttime auroral zone

there is no "valley" between the E-thand F-layers usually a
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TABLE 4

S.:Obser-'-:G .-coor. eoma .(co Launch Time T A Refer-

Ar{.ation : .A date Z, Ema ences

Kiruna 6 0  2025 E 5 6 26.5.6. 20.CL 23,.4 13.2 2 250 2.5.10' C201
.h 15.6.56. 01.14 19.4 6.5 3 uiet2 10 [2C]

0Church-58048 91 +66 7 322.8 27...64 * s 6.7 0. C65.IC' 173

i I3.3.65. 01.48 29 14 2 146 5.5.10' (11
S6.3.65. 0C.3C 14 1'.2 1.3 88. 2.10 []

15.9.66. 1,25 4.0 3.9 I 50 I.I15.10 [211
15.9.66. 21.00 6.2 5.0 I.2 70 I.C.O [21

3.9.66. 2.23 1.6 .6 1.0 uie 0.28.10 t1]

13.9.66. 19.35 2.0 1.5 1.- uie 0.01.1 .211
10 31..64. 123.59 2~9 15 . 1,9 Act. 3.3.C 5  [213

T . 212..65. 16.21 5.3 3.8 1.4 50 0.C0 C (213
5.:.65. 18.21 l  I. 1,2 0.9 uiel C.2.10C [21]i

, : 8.2.64. 12.15 19.6 6.6 3 2CC 2,2.10 (22]

rKiruna670 50 20025 2 +6503 u506 19.11.68 02.3ELT 23 12.2 2.3 170 3.2.C' (61
4.12. 68 23.26 33.5 15 2.2 E40 3. .:05 [6

:6 3.12.68 22.59 24.6 14.3 1.7 3C00 3.1.05 [61

1 30..-66 night 41.3 - - - A.10
5  9]

)5 9.11.66 night 24 - - 3 .1^5 (191
19 LChab-55o 94006 +66733228 4.6.57. 12.1 CS i8 , - 2 .10- [29i

D mon- 66040 14000 -75 2308 8.1,67. 122.05T 1.0I 06 1.6 - 0.II. 5  [27]
j Dorville . I.67. II.20 20 16.5 1.? - 2 .1 0 [27]



observed at night at the middle latitudes. Using the N.(h)-

profiles 8, .9, and 12, and the table of unit conductivity, the

altitude profiles of ZH and Ep were calculated. It was found

that Hall conductivity is substantial in the layer at altitudes

from 100 to 140 km and has a maximum (4.5-7.0)'10- 5 mho/m at

the altitude 115-120 km. In the lower part of the profile

there appear thin layers of intensified conductivity associated

with the irregularities of electron number density. Pedersen

conductivity drops off with altitude much more slowly: its

maximum (2.7-4.5)'10- 5 mho/m) occurs at the altitude 125-130 km

(Fig. 2).

The integrated Hall conductivity is ZH = 1.1-2.0 mho, and /8

the integrated Pedersen conductivity Zp 0.9-1.3 mho. It must

be remembered that the N(h)-profiles used for the calculation

are inadequately extensive and do not take into account the

contribution made by the F-layer to the integrated Pedersen

conductivity. To estimate the magnitude of this contribution,

we used a typical N(h)-profile for the quiet nighttime high-

latitude ionosphere /8 /7. The integrated Pedersen conductivity

of the region of the ionosphere from 160 to 400 km calculated

based on this profile is approximately 0.5 mho. -In the esti-

mates of the conductivity in this same range of altitudes based

on the night N(h)-profiles for the Narssarsuak Station, the
-i

values of 0.3-0.5 cm were obtained. Taking this correction

into account, the Pedersen conductivity of the auroral zone in

quiet conditions will be 1.2-1.6 cm- 1. For /comparison, we

point out that in the nighttime ionosphere at the geomagnetic

latitude 500, - = 0.4 mho and 1 = 0.3 mho /7 7. Thus, even

in magnetically-quiet conditions ZHP of the nighttime auroral

ionosphere exceeds by three to four times the corresponding

conductivities of the nighttime middle-latitude ionosphere.

Similar results were obtained in /5 7.

9



The electron number density in the E-layer of the ionosphere

increases with rise in magnetic activity. Fig. 2 presents the

electron number density profile 7, 13, and 16 for magnetically-

active conditions, and the corresponding profiles of 6H and 6p.
The magnitude of the horizontal compbnent of the magnetic

activity vector IATHI is given in Table 4. (The numbering of

the curves in the table and in the figure ia identical.)

Analysis of all the profiles shown indicates that the nighttime /9

auroral E-laydr is similar in terms of the electron number

density to the regular daytime E-layer and exceeds by more than

one order the number density of the surrounding nighttime iono-

sphere, but its thickness asia rule is less than in the daytime

ionosphere, and the shape of the profile changes from instance

to instance as a function of the properties of the invading

fluxes.

With increase in magnetic activity, the maximum of the Hall
~14 -3conductivity rises from 10 to 10- 3 mho/m, while that of the

Pedersen conductivity increases from 10- to 5"10 mho/m. The

integrated conductivity also increases, whose values are given

in Table 4. Results of the calculations suggest conclusions

concerning the ratio of 'H and Ep in the auroral zone. We

know that this ratio is assumed to be very large in many papers.

Thus, in /247 H /p - 20, in /757_, H/ P ~ 13, and in /26/ --

-- - 10 . Our calculations show that EH/ P 1 in the quiet

nighttime auroral zone. With increase in magnetic activity

within these limits and the E-layer number density, this ratio

rises, but does not exceed EH/Zp = 3.

Since the main contribution to conductivity is made by

the E-lay'er, it was of interest to establish a relationship

between the integrated conductivities and themimaximum electron

number density of this layer. This function was plotted from

17 points (Table 4 and Fig. 3), where the coefficient of corre-

10



_7 " - lation of was 0.9.

The functions shown in

bilogarithmic scale

Scan be approximated

by straight lines.

I The scatter on the

average is 20 percent

-Z -f for the Hall conduc-

tivity and 15 percent

for the Pedersen

conductivity, although

there are individual

deviations up to 50

percent. The functions
plotted enable us to

estimate 2H and L ofH P

using the critical

frequencies of the

7 . 3 i 4 $_ - E-layer based on data

.. cm-3 of ionic soundings.

Fig. 3..Plot of the integrated Hall cdn- It was of no less

ductivity XH and Pedersen conductivity interest to establish

Xp as functions of maximum concentration how the conductivity

of E-layer for dark polar ionosphere changes in the function

of the strength of the

magnetic disturbance. This function was plotted for disturbances

up to 180 y in /9 /.

Table 4 gives the data on the magnitudes of |14T,- ig

at the moments when !H and p were calculated from rocket
measurements. In addition, we can use the dependence of con-

ductiv tty on the number density of the E-layer (H, p = f(N)),

11



or, which amounts to. the same thing, as a function of the

critical frequ ncy of the E-layer (H P = f(foE)), if we can

find the correlation between f E and AT I. To do this, 37o
measurements of f E and IAT I were compared at the stations

o H
Churchill, Point Barrow, Murmansk, Tiksi, and Dikson (Table 6).

The coefficient of correlation is 0.8 (Fig. 4). The circles

designate mean values, which quite satisfactorily fit on a

straight line. The scatter of points is quite large, but the

general tendency toward an increase in the critical frequency

with an increase in IATHI shows up clearly. Using the function

H P = f(N) (Fig. 3), from the critical frequencies of the

E-layer we can convert to integrated conductivities. Using

the data thus obtained and the results of the calculation

from Table 4, fH and fp were plotted as functions of IATH .
In Fig. 5, the crosses and points denote the values of EH and

i calculated from the rocket data, and the crosses and points

within circles denote data calculated from averaged values of

f E. In spite of the considerable scatter of the points, from

the graph it is clear that with increase in the magnetic dis-

turbance, conductivity rises, and its growth slows down for

large ATH I. /11/

Polar cap. The most sparce information is available on

the nature of the ionization in the dark polar cap. Only one

rocket measurement of the electron number density is described,

on 20 January 1967 at the Antarctic atation Dumon-Durville

/277 Fig. 6. The launch occurred under conditions of moderate

magnetic activity (K = 5) and in conditions of increased solar

activity (a scale 3 solar flare was observed in this day). The
4 3

maximum concentration in the E-layer was 1.2'.10 cm . The N(h)-

profile suggests the N(h)-profiles in the quiet auroral zone,

although the number densities are 1.5-2 times lower. The

conductivities calculated by this profile are Zp = 0.6 mho and

12



TABLE 5

SLaunch Date and -time From rocket data f, Jo E Type Remark

r. * number of launch tax z E5

S 2 3 4_ 5 6 7 9

S3I.IO 1964 33 517. 4,0 II5 a
23.59.C.T - - - - - - - - - -

.- - - - - - - -27. 2,2 2_s 0,
I88.ZI.CST 8,5 2 62 2 ,6 3.9

3.- 1.202 5.10.1965
I8.2I.CT 2,0 Ie27 1,3 242 

------ ---- ------------- -- -- ---- -- -- -- --- - - -- ------ --------

4. 14.278 13.09.19e6 ..2 I 45 I 6 28 for 140km
19.35.CST I) ,(1.3) (1.3) (5) . or I 2 5 km

. 14.279 13.09.1966
22.23.CST 2,8 1,5 1,8 29

--------------------------------------------------------------------
6. 4.280 15.09.1966

7. 14.281 15.09.1966
21.00 10.5 2,92 2,7 2,0 a

L~b-----' -- '--- - -

I-i



TABLE 6

Nr Station -:Dat:e Time J c 0i 3
2fI Kcici: 25.2.65 0400 3.3 53

2 II.2.65 00" 2.2 -1033

3 20.2.65 000 2.0 25

4 1.4.60 02°°  5.5 270

5 Tiksi 17.1.60 25'o  3.6 40

6 223o 4.0 120

7 25.1.60 0200 5.2 200

8 17.1.60 0200 3.5 100
0300 3.9 130

10 o700 2.3 70

II urmad 17.I.60 1700 2.0 54

12 9.I.6C 2I00 5.1 150

13 Dikson 9.1.60 0400 3.9 120

14 05
0 0  4.0 140

15 17.1.60 0100 4.0 185

16 0500 5.2 340

17 2100 4.0 18C

18 25.1.60 00 3.2 105

o I1.1.60 0400 3.5 160

20 25.I.60 04oo 4.3 150

21 Churchi 25.1.60 2400 3.0 65

24 0800 3.5 75

25 1.1.60 2300 4.0 160

26 100o  1 -.8 70

27 080o 3.2 80

28 0500 2.7 60

29 0100 2.3. 100

30 0200 2. 50

17.1.60 0000 6.8 330

32 00oo 3.4 109

33 0200 2.3 40

03 O 3.4 75

35 o7 4.2 110

0oo ..0 100

37 27.2 65 2030 3.0 120

4AGE IS -OOR
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ig. 4. Plot of critical frequency bf Fig. 5. Plot of integrated

E-layer (fr E) as a function of Hall conductivity Z H and

the horizontal vector of magnetic Pedersen conductivity wp as

d = 1.0 mho. These values agree closely with the plot of

LHP =(N) for the dark auroral zone.

In December 1968, during the overflight of the working frequency Kosmos-261

satellite over the polar cap, fluxes of precipitating particles

were measured. From these data, the ionization produced by

the fluxes during a period of moderate magnetic activity was

estimated and the conductivities were calculated: H = 1.1 mho-H

and = 0.55 mho /f37. This agrees well with the results of

the rocket experiment.ta )the station Dumon-Durville. Measure-

ment of the critical frequencies of E-layer in the polar cap

were difficult, since the measured quantity often proved to be

lower than the lower limit of the working frequency of the

15!



Sstandard ionospheric stations,

1 MHz. This did not permit

.determining the limiting

values of f E. O. P. Kolo-

-miytsev, taking ovservations

- at the Vostok station in the

Antarctic in the winter of

-.-- 1958, indicated the existence /12

of a regular nighttime E-layer

Iwith a critical frequency of
Sabout 1 MHz, which corresponds

S-1 to the concentration of the
-A cm -p T ohm

E-layer measured in the experi-

Fig. 6. Altitude distribution ment at the station Dumon-

of electron concentration N, Durville /287 Analysis of

Pedersen conductivity Ep, and the values of fOE and fBEs
Hall conductivity IH at Dumon- for January over a period

Durville Station of several years at the

Godhavn station showed that

the nighttime values of these quantities fluctuates within the

range 1.0-1.5 MHz, in a number of rare cases reaching 2 MHz

(the lower limit was determined by the technical capabilities

of the measurements). This corresponds to Ep 0.5"1.2 mho

and EH - 0.8-2 mho. All this indicates that the polar cap

ionosphere is also subjected to conductivity fluctuations,

but to a considerably lesser degree than the auroral zone.

Region of Daytime Dip (Geomagnetic Latitudes 78-810)

There are even less data on the conductivity in this region

in the dark conditions than for the polar cap. The estimate

of the conductivity based on calculations of ionization caused

by fluxes measured on the Kosmos-261 satellite /23/ give values
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of Ip = 2 mho and H = 3 mho. Estimates of conductivity for

the Godhavn station by analysis of January values of f E give
0

p 2.5 mho and H 4.0 mho, which satisfactorily agree

with the conductivities obtained from satellite data. This

suggests that the integrated conductivity in this region is

2-4 times greater than the conductivity in the polar cap.

2. Sunlit Polar Ionosphere

To determinefthe conductivity of the sunlit polar ionosphere,

we used 212 N(h)-profiles plotted from the results of ionic

soundings at the stations Thule, Godhavn, and Narssarsuak in -,/13

quiet geomagnetic donditions for different levels of sunlight

and solar activity.

Daytime values of EH and p vary approximately from 3 mho

near the terminator to 13 mho at the zenith angle of the Sun

X ~ 400. The relationship between the magnitudes of the day-

time integrated conductivities and the electron number density

at the maximum of the E-layer shown in Fig. 7 is clearly

visible. The points denoted with circles refer to the arith-

metic mean conductivities obtained from 4-28 measurements.

In the graph are shown also the maximum deviation from the

main. The linear dependence of ig IH,P on eg N is well defined.

The values of the mean and maximum scatter of the calculated

values of 1H and Zp are given in Table 7. The mean scatter of

the values does not exceed 20 percent;there 1are only individual

jumps with a maximum deviation up to 50 percent. Calculations

show that PH/ p is close to unity (Fig. 8). It is somewhat

less than unity in the morning and evening hours and somewhat

greater around noontime.

The correctness of these correlations can be checked by

two rocket measurements made at the station Churchill on 4 June

1957 at 11:16, CST /297 and the station Dumon-Durville on 29

January 1967 at 11:20 LT /local time/ /27/.
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In both cases

taken under conditions

. of high solar activity

and solar zenith angle

(X 450). The results

of the measurements are

as follows: at the

• \ station Churchill

H p = 18 mho, Zp = 14 mho,

/ = 1.3 mho; at the

S: station Dumon-Durville

S6 d = 20 mho, p 16.5

-.- mho, and EHp = 1.2 mho.

Fig. 7. Integrated Hail and integrated In both cases the

Pederson conductivities as functions of results agree well with /14

maximum concentration of E-layer for with the statistical

sunlit polar ionosphere dependence EH,P = f(N)

for ]the sunlit polar ionosphere. Ionization of the ionosphere

associated with the wave radiation of the Sun is evidently

primary in the sunlit polar ionosphere in quiet geomagnetic

conditions. The dependence of conductivities on the solar zenith

angle X is very satisfactorily approximated by the sine law:

: -=I3COs°0 7y ,

2 1 uI4CO 0B88  I

Thus, ionization by flTx in the polar cap and the region 
of the

daytime dip is several times weaker than ionization by solar

radiation, especially when the angle X is close to 450. The

same can be said also concerning the auroral zone in magnetically-

quiet conditions. During the periods of magnetic activity,

ionization of the auroral zone associated with fluxes increases
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TABLE 7

Scm- I Mean value , Mean deviatonMIaximum
Nr at maximun from mean value 'dv. froT

E-layem mau alue
f E-layei mh o 5P 20

I 2 3 4 5 6 7 8

I. 4.5.1e  2,7 3.6 8,I 3,3 18 50

2. 5,0 . I 3,9 II,6 5,8 41,9 20,

3. 5.5 3,6 4,4 4,9. .7,6 III 7,0

4. 6,0 -39 4,6 1301 4,3 25.7 9.7

5. 6,5 4,3 4,9 6.2 3,2 11,6 8,2

6. 7,0 5,0 5,4 7.4 3,0 18.0 4.5

7. 8,0 5.9 6,2 8,8 7.2 27*1 22,C

8. 9,0 6.9. 6,8 14.5 4.0 27,5 16,2

9. 9.5 7,I 7,I 13.I  2,5 36,6 5,6

IO. fxI05  7,9 7 13,6 3.8 43,0 9.1

II. II 8,8 8.3 15,2 3,7 47.7 10.8

12. 1.2 9.6 9.I 135 2,8 46,8 11,2

13. 1,3 I0,5 " 9,8 18.4 4,I 41,2 21,4

and can make a substantial contribution to total conductivity

equal to or greater than the contribution made by photoionization.

Reliability of Results

Above we already presented data on the deviation from the

mean values in the plotting of the empirical functions HP-H,P
= f(N) for the sunlit and dark ionosphere. On the average,

these deviations do not exceed 20 percent and can be assumed to

be quite acceptable (Table 7). Selection of the model of the

neutral ionosphere also weakly affects electrical conductivity

values (Table 1). It-was of interest to find how the results
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are affected by changes

in the methods of

-- --- --- calculating v.in For

this purpose, conduc-

tivity was calculated

from 80 N(h)-profiles,

4- -- -- - . where Vin was calcu- -

a , 591 7J 1o 1a 1 V6 lated by the formula

Fig. 8. Ratio H~/ p as function of

maximum concentration of E-layer in /117

the sunlit polar ionosphere The function H,P = /15

= f(N) calculated from these results have the same correlations

as Fig. 7, but 1H was reduced 58 percent, and fp by 48 percent.

A. M. Lyatskaya /9 7 calculated the conductivity of the sunlit

polar cap from the results of ionic soundings at the station

Bukhta Tikhaya. In her calculations she used the CIRA-1965

model of the neutral atmosphere, and she calculated vin by

the formula

V447 = .6" INO" /V,, A+ .1, , /
/12/

where Ni is the number density of ions, and M is the molecular

weight. It was found that the mean values of Ip are)30 percent

smaller, and IH -- 60 percent smaller than our results, although

the correlations persist. All three functions are shown in

Fig. 10, where the main result is denoted with a solid line,

the conductivity for the altered Vin is denoted with a dashed

line, and the results of A. M. Lyatskaya are denoted with a

dot-dashed line. Conductivity was calculated from the N(,h)-
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Fig. 9. Comparison of results of calculations of conductivities

by three different methods

profiles No. 14, 15, and 16 from Table 7 in the paper /6 7.

Here the mean values of Vin from data in the literature were

used. Below we present a table in which the results are compared:

r. om f63J Results in present
data in studv

14 34,5 14,05 2.44 A428 1.2 2.3

Is 116.2 2.16 33 15 22

I 27,5 15.5 11,77 24,6 , L4,3 T

We see that the conductivities agree closely with each other. /16

Thus, a comparison of the different methods of calculation\

allow us to state that the possible deviations do not exceed

1.5-2 times. Here it is important to note that the ratios of

the conductivities of the different ionospheric regions remain

practically unchanged. 21]217



III. Schemes of Electrical Conductivity' of the Polar Ionosphere

The above-established functions = f(N) made it
H,P.

possible to plot conductivity schemes, by using the hourly

tables of critical frequencies of the E-layer for a network

of ionospheric stations (Table 8). As an example, we present

the schemes for January, June, and September 1960. Since in

the constructions use was made of the median values of f E and
O

fBEs3 the resu-lting schemes characterize moderately active,.

conditions. Twb moments of world time were chosen -- 00:30 UT

(nighttime on the American continent) and 17:00 (nighttime on

the Asiatic continent).

In 1960, when ionograms of high-altitude stations in the

USSR were being processed, a nighttime E-layer was differentiated.

At the Canadian stations, this same layer was singled out as

ES with a group delay (type 2). In this case the values of

f1E s were used in constructing the conductivity schemes.

As already stated, the critical frequencies of the E-layer

and the conductivity tensor of the polar ionosphere depend

simultaneously on the degree of solar illumination (zenith angle

of the Sun) and on the geomagnetic activity. The first value

is a function of the geographical coordinates, and the second -- /17

-- of the geomagnetic coordinates. The observed quantities

reflect the total effect:

The inadequate number of ionospheric stations compels us

to use all available hourly measurements. Here, we must separate

F1 and F2 and represerit the part associated with photoionization

in geographical coordinates, and the second part associated with

fluxes -- in geomagnetic coordinates.

The critical frequency of the E-layer as a function of the

zenith angle of the Sun is quite accurately expressed by the

221
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Fig. 10. Schemes of distribution of integrated conductivities in polar
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Fig. 11. Schemes of distribution of integrated conductivities in polar
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Fig. 11. Schemes of distrib'ution of integrated conductivities in polar

ionosphere in September 1960: c) IH at 05:00 UT d) CH at 17:00 UT
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Fig. 12. Schemes of distribution of integrated conductivities in June 1960:

a) Ip at 05:00 UT b) Ip at 17:00 UT
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cosine law, and on this basis monthly forecast maps of the

critical frequency of the E-layer are constructed. This made

it possible, by subtracting from the observed critical frequencies

the forecast frequency, to determine the anomalous part asso-

ciated with geomagnetic activity.

The schemes were constructed as follows:

1. The boundary of the illumination of the ionosphere

atNthe level of the E-layer in local time was determined for

each station.

2. The values of zH ad -p were determined for the dark

ionosphere from the plot H = f(N) in Fig. 3, and these values'H,P
were entered on the corresponding schemes in geomagnetic coor-

dinates.

3. The values of IH and Ip were determined from the plot
= f(N) in Fig. 7 for the sunlit ionosphere.

H,P

4. The critical frequencies of the E-layer in the sunlit

portion were compared with the forecast frequencies. When

there was agreement, the conductivities were entered in the

scheme in geographic coordinates. When there was disagreement,

the conductivities obtained by the plot fH,P = f(N) (Fig. 7)

from forecast data were entered in geographical coordinates,

and the difference between the conductivities obtained based /18

on observations and forecast data were plotted in geomagnetic

coordinates.

5. The schemes plotted in geographical and geomagnetic

coordinates were placed one over the other for a specific world

time and the conductivities were added, after which the equal-

conductivity lines were drawn.

Let us proceed to describing the schemes that enable us

to answer an important question: what is the nature of the
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coupling of the region of increased conductivity due to corpus-

cular fluxes with the ionosphere illuminated by the Sun?

In January, the boundary of illumination lies at + 600

Greenwich Mean Latitude. This means that the entire polar cap

north of 600 is in darkness (Fig. 10). In the auroral latitude

(60-700) a well-defined zone of increased conductivity with

maximum H = 13 mho and = 8.0 mho becomes evident. It is a
-H 1P

ring broken in the post-meridian hours and not in contact with

the sunlit ionosphere. Here the conductivity maximum is shifted

toward the early morning hours. On the south, on the nighttime

side the ring is encircled by the nighttime middle-latitude

ionosphere with Z < 1, and on the north lies the polar cap
H,P

with EH P < 1. As we can see, the conductivity of the auroral

zone exceeds the conductivity of the surrounding ionosphere by

moreV than one order of magnitude. ) At the latitudes of the

daytime dip a small rise in conductivity can be distinguished:

p z 2 mho and SH - 3 mho.

In the Euro-Asiatic sector (17:00 UT) the distribution of

electrical conductivity was substantially different. The termi-

nator was at noon at +8~0 geomagnetic latitude, and during the

daytime hours most of the polar cap was sunlit.- The auroral

region of increased conductivity, having during the nighttime /19

hours the same structure as in the American sector, merged in

the evening and morning hours with the sunlit region of increased

conductivity. The region of the daytime dip was masked by the

conductivity of the sunlit ionosphere. Thus, the schemes of

ionospheric conductivitgediffered in that in the American sector

the auroral zone of increased conductivity was a broken circle,

surroundidg on all sides by much lower conductivity, while in

the Asiatic sector the ends of the conductive auroral zone merged

with the sunlit ionosphere.

At equinox (September 1960) at 05:00 UT (Fig. 11), the

pattern of the distribution of conductivity quite precisely
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reproduced the distribution for the Asiatic sector in January.

At 17;00 UT, the line of sunlit region was shifted to 750 geo-

magnetic latitude on the nighttime side. The sunlit ionosphere

was shifted even further into the auroral zone of increased con-

ductivity. In the polar cap there remained only a small minimum

( Ip ; 2-3 mho). The conductivity of the auroral zone exceeded

by two to three times the values in the polar cap. On the night-

time side, the auroral zone as before was confined by the poorly

conductive nighttime middle-latitudinal ionosphere.

In June (Fig. 12), the pattern of distribttion of EH, P for

the American sector was close to that just described. In the

Asiatic sector the terminator was shifted to 600 geomagnetic

latitude. The entire region delimited by this parallel was

sunlit. Since the corpuicular ionization was comparable with

the solar, the auroral zone of increased conductivity appeared /20

in this case as well, but conductivity within it did not differ

by more than 2-3 times from that of the surrounding ionosphere.

Thus, lp examining the conditions for the formation of

the electrojet in the auroral zone, one must bear in mind that

it depends not only on the geomagnetic activity, but also on the

geographic position of this region.

Conclusions

1. Basedoonrnocket measurements and ground-based iono-

spheric soundings, the integrated Hall and Pedersen conductivities

were obtained as functions of the critical frequency of the E-

layer.

2. A study was made of the integrated conductivities as

a function of magnetic activity.

3. For different seasons, interrelationships of two types

ofre6nductivity were established: 1) conductivity caused by

photoionization, and 2) conductivity caused by the precipitating

of energetic particles.
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